Abstract. We present simulations of stratospheric ozone depletion in the Arctic 
Introduction
Chemical ozone depletion in the polar stratosphere is a phenomenon that has been investigated for about two decades. It is now well accepted that polar ozone depletion is caused by anthropogenic halogen emissions and that it is closely linked to low stratospheric temperatures [e.g. WMO, 2003 ]. Here we investigate the Arctic stratospheric winter 2004/05, which is among the coldest Arctic winters on record [Rex et al., 2006] using simulations of the Chemical Lagrangian Model of the Stratosphere (CLaMS) [McKenna et al., 2002a, b] . Ozone loss in this winter was previously estimated by using a variety of methods and data sources. In the following, we compare our simulation with those estimates. Rex et al. [2006] use ozone sonde observations to diagnose ozone loss by the so-called vortex average method. They report significant ozone loss. In particular, the ozone loss below 400 K is significantly larger than in previous years. Manney et al. [2006] diagnose ozone loss from EOS-MLS and POAM data. They show formation of a low ozone vortex core and evidence of mixing at the vortex edge from N 2 O data. Jin et al. [2006] present estimates of ozone loss between early January to mid-March from ACE-FTS data using various methods: the tracer correlation method with CH 4 , the tracer correlation method with an artificial tracer, and the vortex average method.
Both Manney et al. [2006] and Jin et al. [2006] highlight the difficulty in diagnosing ozone loss, especially in winter 2004/05, due to mixing in the vortex edge region and the inhomogeneous ozone distribution within the vortex which may increase the uncertainty of the deduced ozone loss. They state the need for detailed simulations to interpret the ozone loss in 4 this winter. Singleton et al. [2006] Moreover, Dufour et al. [2006] report strong chlorine activation until early March on the basis of ACE-FTS data. Von Hobe et al. [2006] show in-situ observations of almost full chlorine activation on March 7. They also show that the observations are comparable with the simulation presented here and estimate column ozone loss for the location of the flight in the vortex core. Here we present CLaMS simulations that aim to reproduce both mixing and chemical ozone loss in detail for the challenging conditions of this winter.
CLaMS Simulation
The Chemical Lagrangian Model of the Stratosphere (CLaMS) is a Lagrangian 3-dimensional chemical transport model which is described elsewhere [McKenna et al., 2002a, b; Konopka et al., 2004; Grooß et al., 2005] . Here we present CLaMS simulations for the Northern hemisphere with a horizontal resolution of 100 km/300 km north/south of 40
• N, respectively. As the air parcels are distributed irregularly in space, the resolution is defined by the mean distance of neighboring air parcels. The vertical coordinate is the potential temperature with 32 levels between 320 and 900 K corresponding to a vertical resolution of about 0.4 km. Vertical motion is calculated as the time derivative of the potential temperature using a radiation scheme [Morcrette, 1991] . Mixing is simulated at those locations where strong wind shear occurs using the Lagrangian mixing algorithm [McKenna et al., 2002a; Konopka et al., 2004] 
where O 3 is given in ppmv and the potential temperature is in the range 375 K< θ < 775 K.
The initialization is then consistent with the ACE-FTS data. The other chemical tracers and families CH 4 , Cl y , and Br y were initialized using the N 2 O/CH 4 , CH 4 /Cl y and CH 4 /Br y relations as for the 2002/03 winter [Grooß et al., 2005] . The remaining chemical species were taken from the Mainz 2-D model [Gidel et al., 1983; Grooß, 1996] mapped to equivalent 6 latitude (Φ e ). Reaction rate constants and absorption cross sections were taken from standard recommendations [Sander et al., 2003] .
The boundary conditions prescribed at the upper model boundary (900 K) were derived by the same method as for the initialization. MLS data and 2-D model output and the above-mentioned correlations were combined in the same way for every half month. As the predominant vertical velocity in the vortex is downward, the lower boundary ( The focus of this study is the CLaMS simulation of ozone and of ozone loss. Figure 1 shows the simulated ozone mixing ratio on the 475 K potential temperature level averaged 7 over 40 equivalent latitude bins between 40
• and 90
• N, where each bin contains an equal area (bin size 0.78
. The black line corresponds to the vortex edge after Nash et al.
[ 1996] . Unlike in earlier winters, ozone within the polar vortex is obviously not distributed homogeneously from the beginning of the winter onwards. This inhomogeneity is noticeable in observations by EOS-MLS [Manney et al., 2006; von Hobe et al., 2006] and ozone sondes [Rex et al., 2006] .
In order to validate the simulated ozone mixing ratios, we first compare them with satellite observations of ACE-FTS (version 2.2 update) [Walker et al., 2005] . To this end, the CLaMS results were interpolated to the exact observation location and time, where the displacement between 12:00 UT (CLaMS output time) and the observation time was taken into account by trajectory calculations. In the following, the simulated ozone loss is presented in detail. Figure 4a ). Also visible is the ozone depletion above about 550 K that is caused by catalytic cycles involving NO x 9 similar to the situation in earlier winters [Grooß et al., 2005; Konopka et al., 2006] . Figure 4b shows the ozone loss on the 475 K level averaged over equivalent latitude bins (corresponding to Figure 1 ). The peak ozone loss in this view is 1.6 ppmv between 80
• equivalent latitude on March 25. Figure 4c shows the column ozone loss between 380 and 550 K potential temperature. Unlike ozone itself, the chemical ozone loss does not show a strong correlation with equivalent latitude. Here, the column was calculated by first calculating vortex average ozone loss on the different theta levels and then performing a vertical integrating using vortex average temperature profiles. Due to the availability of sunlight, the ozone loss in January is slightly stronger towards the vortex edge. Because of the higher chlorine activation in the vortex core, in March more ozone loss is simulated towards the vortex core. The simulated partial column ozone loss between potential temperatures of 380 and 550 K averaged over the area poleward of Φ e =65
• (±1σ variability) reaches its largest value of 69±21 DU on 23
March. In the vortex core (Φ e ≥75 • ) the maximum partial column ozone loss is 77±15 DU.
The ozone depletion reported here is lower than most other published ozone loss estimates for this winter. Jin et al. [2006] calculate the vortex ozone loss using different tracer correlations for ACE-FTS data and estimate between 1.8 to 2.3 ppmv at 475-500 K depending on the method. The corresponding column ozone loss ranges from 116 to 127 DU. At least part of the discrepancy between their estimates and our model results is caused by the fact that they do not take into account the varying latitudinal coverage of ACE-FTS. They chose a reference period from 1 to 7 January and compare this with observations from 8 to 15 March.
While the latitude of the reference observations is close to the vortex edge (average equivalent latitude ±1σ of 70.5±5
• ), the March observations are located further towards the vortex core (74±5 • ). Due to the inhomogeneous ozone distribution (see Figure 1) , calculating the ozone loss as the ozone difference of these two regions should result in an overestimation of ozone depletion.
The CLaMS ozone loss estimate is closer to that of Singleton et al. [2006] , who show the difference between various data sets and a passive ozone simulation. The vortex average ozone loss partial column between 400 and 575 K using the ACE-FTS data is about 100 DU show the vortex core characteristic and therefore the lower estimate of von Hobe et al. [2006] , which is derived from the vortex core reference relation, is more realistic.
The simulated ozone depletion is comparable with the estimations of Manney et al.
[ 2006] , who diagnose a vortex average ozone loss of 1.2-1.5 ppmv between 450 and 500 K on March 10 from EOS-MLS data. This is in agreement with CLaMS, which has a vortex average ozone loss peak of 1.37 ppmv (±0.29ppmv) at 475 K potential temperature. Manney et al. [2006] also suggest significantly larger ozone loss of up to 2 ppmv in the vortex edge region that is not confirmed by CLaMS, but they also mention the difficulty introduced by the mixing of air into the polar vortex.
Conclusions
The 
